The transient properties of a Brownian particle moving in a bistable system with quantum corrections are investigated. The Quantum Smoluchowski Equation (QSE) is fully valid for high temperatures; for low temperatures it is valid only in a restricted domain of the state space. The quantum effects in a bistable system stand out for low temperatures. Explicit expressions of the mean first-passage time (MFPT) are obtained by using a steepest-descent approximation. The quantum effects are against the particle moving towards the destination from its original position.
Introduction
For some years the problem of noise-induced transport has attracted much interest in theoretical as well as experimental physics [1] [2] [3] . This subject was motivated by the challenge to explain unidirectional transport in biological systems, as well as potential technological applications ranging from classical nonequilibrium models to quantum systems [4, 5] . The bistable system driven by noise is one of the simplest problems. Mainly, it is the steady-state statistical properties of a bistable kinetic model with different kinds of noises which are investigated [6, 7] . The MFPT is another important quantity in the noise-induced bistable systems. In recent years several papers have dealt with the derivation of exact expressions for the MFPT of the bistable system [8] [9] [10] [11] [12] [13] [14] . Behn and his co-workers [13] studied the MFPT of the system driven by a superposition of suitably scaled independent dichotomous Markovian processes with natural boundary conditions. Jia and his co-workers [14] investigated the properties of a bistable system driven by the two correlated noises. The explicit expressions of the MFPT were also obtained and the MFPT is affected by the strength of correlation between the two noises. The MFPT of the bistable system driven by cross-correlated noise was also investigated by Mei [9] .
The previous work on MFPT is limited to the case of classical theory. The present study extends the study of the MFPT to the case of the Quantum Smoluchowski Equation (QSE) within the strong friction limit. Our emphasis is on finding quantum effects on the stationary probability distribution and MFPT. The analytical expression of MFPT is achieved by using a steepest-descent approximation.
MFPT in a bistable kinetic model with quantum corrections
Based on recent work [15] [16] [17] , within the limit of strong friction, quantum Brownian motion can be described by a corresponding quantum Smoluchowski dynamics containing leading quantum corrections. Consider a particle of mass M moving in the potential V (x). Ankerhold, et al. [15] proposed a QSE for the diagonal part of the density operator ρ(t), the rate of change of the probability density P (x, t) =< x|ρ(t)|x > in position space x. It explicitly reads [15] [16] [17] 
where γ is a friction coefficient. The effective potential is
where the prime denotes the derivative with respect to the coordinate x. The leading quantum corrections are described by the prominent parameter
where k B is the Boltzmann constant. The effective diffusion coefficient reads [15] [16] [17] 
The diffusion function is determined by the form of Eq. (4). It depends on the potential V (x). If V (x) > 0, the QSE is valid in the whole state space of the system. If V (x) < 0, it is valid only in a restricted domain of the state space.
From Eq. (1), we can obtain the steady state probability density
where N is a normalization constant and
As for a bistable potential system, V (x) = − 1 2
We now proceed with the MFPT. The exact expression for the MFPT for a particle to reach the final point x 0 = 0 from the initial point x 1 = −1 is given by [14, 18] 
When the effective diffusion constant D ef f (x) is small in comparison with the energy barrier [14, 18] D
T (x 1 → x 0 ) becomes independent of the initial condition. With a steepest-descent approximation [14, 18] , Eq. (10) reduces to
When x 1 = −1 and x 0 = 0, we have
Results and Discussion
The diffusion function should not be negative-namely, D ef f (x) ≥ 0. From Eq. (7), we can obtain
When x > √ 3 3
, D ef f (x) is always positive for all temperatures. When −
, D ef f (x) is valid only for low temperature. In Fig. 1-Fig. 3 , we take for the quantum fluctuations a parameter value of λ = 10 will always be positive. This choice assures that the quantum Smoluchowski regime is fully valid down to low temperatures. In order to illustrate the effective diffusion coefficient D ef f (x), namely Eq. (7), the coefficient contours are shown in Fig. 1. From Fig. 1 , we can see that the effective diffusion coefficient D ef f (x) is a symmetric function of x. When β < β max (73.99), D ef f (x) is always positive for the whole state space of the system. However, when β > β max , D ef f (x) may be negative. It is only valid in physics when D ef f (x) is not negative. So our approximate QSE is valid only in a restricted domain of the state space when β > β max . Figure 2 shows the stationary probability density P st as a function of the coordinate x for both an overdamped quantum case and its classical counterpart. The curve has two peaks at x = −1 and x = 1, respectively. When β increases, the height of the peaks at x = −1 and x = 1 increases and the probability density at x = 0 decreases. When the effective diffusion is very small (large β), the particle has a large probability of staying at x = −1 and x = 1. When the effective diffusion is very large (small β), the diffusion dominates and the effect of the bistable potential decreases, so the probability distribution is uniform. For very large temperatures the quantum probability distribution agrees with the classical one and, with decreasing temperature, the height of the peak (x = 1, x = −1) in the quantum case is lower than that in the classical case. It is obvious that the quantum effects stand out for low temperatures. Figure 3 shows the MFPT as a function of β. In classical theory, ln T is a linear function of β (dotted line). However, ln T is a nonlinear function of β in the quantum theory (solid line). When β is small, the quantum MFPT agrees with the classical one. The MFPT is longer in a quantum case than that in a classical case. The difference between a quantum case and a classical case increases with β. The quantum effects prevent the particle from reaching its destination. When β > β max , D ef f (x) is negative, so it is invalid.
Concluding remarks
We study the transient properties of a Brownian particle moving in a bistable system with quantum effects. Within the strong friction limit, quantum Brownian motion can be described by a generalized Smoluchowski equation that accounts for leading quantum corrections [15] [16] [17] . The effective diffusion function in the quantum of the state space. The quantum effects in a bistable system are prominent for low temperatures. The explicit expressions of MFPT are obtained by using a steepest-descent approximation. When the temperature is low, the particle will take a long time to reach its destination from its original position. Bistable systems have some applications in a broad range of studies such as single-mode systems, biological molecular motors, two steady-state electricity systems, and some other two-state nonlinear systems. The study of quantum Brownian motors is far from being complete and there exists an urgent need for further development. Analytic study of quantum Brownian transport for arbitrarily shaped potential presents such a challenge.
